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Abstract

Background: The blood-brain barrier (BBB), which separates the intravascular and
neuropil compartments, characterizes the vascular bed of the brain and is essential
for its proper function. Recent advances in imaging techniques have driven the devel-
opment of methods for quantitative assessment of BBB permeability.
Hypothesis/Objectives: Permeability of the BBB can be assessed quantitatively in
dogs with meningoencephalitis of unknown origin (MUQ) and its status is associated
with the occurrence of seizures.

Animals: Forty dogs with MUO and 12 dogs without MUO.

Methods: Retrospective, prospective cohort study. Both dynamic contrast enhance-
ment (DCE) and subtraction enhancement analysis (SEA) methods were used to eval-
uate of BBB permeability in affected (DCE, n = 8; SEA, n = 32) and control dogs
(DCE, n = 6; SEA, n = 6). Association between BBB dysfunction (BBBD) score and
clinical characteristics was examined. In brain regions where BBBD was identified by
DCE or SEA magnetic resonance imaging (MRI) analysis, immunofluorescent staining
for albumin, glial fibrillary acidic protein, ionized calcium binding adaptor molecule,
and phosphorylated mothers against decapentaplegic homolog 2 were performed to
detect albumin extravasation, reactive astrocytes, activated microglia, and trans-
forming growth factor beta signaling, respectively.

Results: Dogs with BBBD had significantly higher seizure prevalence (72% vs 19%; P = .01)
when compared to MUO dogs with no BBBD. The addition of SEA to routine MRI evaluation
increased the identification rate of brain pathology in dogs with MUO from 50% to 72%.
Conclusions and Clinical Importance: Imaging-based assessment of BBB integrity
has the potential to predict risk of seizures in dogs with MUO.

Abbreviations: BBB, blood-brain barrier; BBBD, blood-brain barrier dysfunction; CNS, central nervous system; CSF, cerebrospinal fluid; DCE, dynamic contrast enhanced; GFAP, glial fibrillary
acidic protein; ibal, ionized calcium binding adaptor molecule; MRI, magnetic resonance imaging; MUO, meningoencephalitis of unknown origin; pPSMAD2, phosphorylated mothers against
decapentaplegic homolog 2; SEA, subtraction enhancement analysis; TGF-B, transforming growth factor beta
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1 | INTRODUCTION

Meningoencephalitis of unknown origin (MUO) is a group of idio-
pathic, noninfectious, central nervous system (CNS) inflammatory dis-
eases in which a definitive histopathological diagnosis is lacking.®
Granulomatous meningoencephalitis, necrotizing meningoencephal-
omyelitis, and necrotizing leukoencephalitis are 3 distinct MUO
disorders identified by histological evaluation.2* Although the patho-
genesis of MUO is unclear, it is most likely multifactorial, combining
genetic predisposition with factors triggering an excessive immuno-
logic response.>* Tentative diagnosis is based on clinical presentation,
inflammatory cerebrospinal fluid (CSF) findings, magnetic resonance
imaging (MRI) abnormalities, and lack of an identified infectious
agent.3° Although MRI is an important diagnostic test, a lesion is
detected in 48% to 96%%7 of cases and results rarely are correlated
with the severity of disease.®” Identifying and treating MUO is still a
challenge. The survival rate of diagnosed and treated dogs is 90% in
the first month and only 60% at 1-year follow-up.® Seizures occur in
>20% of MUO dogs and are associated with poorer prognosis.6’8 Nev-
ertheless, no diagnostic test can predict seizures or poor outcome in
dogs with MUO.

Blood-brain barrier dysfunction (BBBD) has been implicated in
the pathophysiology of several neurological pathologies including
inflammatory, degenerative, and vascular diseases, as well as in propa-
gation and maintenance of seizures and epilepsy.”*? Leakage and
brain exposure to albumin was shown to initiate transcriptional modu-
lation of genes related to the inflammatory transforming growth fac-
tor beta (TGF-p) signaling pathway. Increased TGF-p signaling results
in activation of astrocytes, degradation of the extracellular matrix,
decreased inhibitory synaptic transmission, and generation of new
excitatory synapses in both experimental settings and in clinical cases
in humans and dogs with seizures.}2'1”

Recently established MRI analysis algorithms allow evaluation
and quantification of BBBD in experimental animals and as part of the
clinical evaluation in humans and dogs.*®2% Two of these techniques
are dynamic contrast-enhanced MRI (DCE-MRI) and subtraction
enhancement analysis (SEA).*®1? The DCE-MRI algorithm identifies
brain voxels with BBBD by a positive slope of contrast accumulation
over time. Subtraction enhancement analysis is a less demanding
quantitative method that detects permeable voxels by comparing
intensity between precontrast and postcontrast scans in relation to a
predetermined reference tissue threshold.}” In both methods, the
overall scores of BBBD are given as percentage of permeable voxels
in the entire brain.

We implemented 2 imaging methods to assess BBBD in dogs with
MUO and its association with clinical findings and occurrence of sei-
zures. Tissues obtained at necropsy from dogs that died from the dis-
eases were used to colocalize imaging-based evidence for BBBD with
immunofluorescence for albumin leakage and TGF-R signaling.

2 | MATERIAL AND METHODS

Clinical and imaging data used in our study were part of the clinical
evaluation except for DCE-MRI, which was done in addition to the
routine MRI sequences. The addition of the dynamic sequences was
approved by the Hebrew University Veterinary Teaching Hospital
Ethics Committee (KSVM-VTH/26_2016) and the owners signed an
informed consent form. Retrieval of information from the hospital's
medical records archive was similarly approved. Dogs that died from
their disease were subjected to necropsy and brain extraction after

written consent from the owners.

21 | Animals and study design

There were 2 study arms (Figure 1) based on the MRI protocol used.
The dogs in the DCE-MRI group were included in a prospective study
(approved by the Hebrew University Veterinary Teaching Hospital
Ethics Committee [KSVM-VTH/26_2016]) assessing BBB integrity in
dogs with various neurological diseases. The SEA group included dogs
diagnosed with MUO that underwent routine clinical evaluation
including MRI. Ours was a retrospective analytical cross-sectional
study conducted using archived MRI and medical record data. The
MRI records of all dogs admitted to the Koret School of Veterinary
of Veterinary Medicine Teaching Hospital (KSVM) between 2014
and 2019 with neurological dysfunction were reviewed. Only dogs
diagnosed with MUO were included. Medical history, complete
physical and neurological examination findings, CBC, serum bio-
chemical profile, and CSF analysis results were obtained from the
medical records. Seizure history, type, frequency, and time from
last seizure to imaging also were documented. The control group
included 6 dogs that underwent head MRI for evaluation of extra-
cranial diseases.

In both study arms, diagnosis of MUO was based on clinical signs
of focal or multifocal lesions, inflammatory CSF findings, and nega-
tive antibody titers to common infectious agents. Magnetic reso-
nance imaging abnormalities were evident in some of the dogs and
included focal or multifocal hyperintense lesions on T2-weighted
sequences with or without T1-weighted sequences postcontrast
enhancement.

Dogs that died from the disease during the study period were
subjected to necropsy examination and brain extraction, and samples
were processed as described below.

2.2 | Quantification of BBBD score

The MRI studies were performed using a 0.35 Tesla magnet
(Magnetom C, Siemens Healthineers, Berlin, Germany), whereas dogs
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FIGURE 1 Flowchart of the study
Prospective Arm - DCE Retrospective Arm - SEA design showing the 2 arm of the study,

namely dynamic contrast enhanced (DCE)
and subtraction enhancement
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were under general anesthesia maintained with 1% to 2% isoflurane
and constant oxygen flow (100%, 2 L/h) after intubation.

The DCE-MRI sequences included 7 transverse T1-weighted gra-
dient recalled (GE) sequences, 1 before and 6 immediately after con-
trast administration (excitation time [TE]: 6.75-7.30 ms, relaxion time
[TR]: 192-445 m:s, flip angle: 90°, slice thickness: 3.5-4 mm, interslice
gap: 3.85-4.40 mm, field of view [FOV]: 13.50 x 13.50cm —
18 x 18 cm, reconstruction matrix: 192 x 192).

Subtraction enhancement analysis was performed using the fol-
lowing MRI sequences: T1-weighted spin echo (SE) in transverse
plane (TE: 21 ms, TR: 642-916 ms, flip angle: 90°, slice thickness:
3.5-4.0 mm, interslice gap: 3.85-4.40 mm, FOV: 13.50 x 13.50 cm —
18 x 18 cm, reconstruction matrix: 256 x 256-384 x 384). The
T1-weighted sequences taken before and after the injection of con-
trast were used for the SEA performed using in-house Matlab scripts
(MATLAB 2018b, The MathWorks, Inc., Natick, Massachusetts).

In both study arms, gadolinium-diethylenetriamine pentaacetate
(Magnetol) was injected IV at a dosage of 0.3 mL/kg as a bolus.

For BBB evaluation, preprocessing included extracting the entire
brain volume by semiautomatic algorithm, in which the user sampled
the white and gray matter intensity values in the T1 SE scan. Brain
mask was created and extracted automatically by the algorithm.
Images then were registered by using in-house Matlab functions to
align each postcontrast image to the baseline precontrast image.

The DCE-MRI analysis was done by fitting a linear curve to the
dynamic scan intensities of 6 consecutive postcontrast T1-weighted
gradient echo scans (T1 gradient co-contrast_1-6). This protocol is a
modification of that used in humans and dogs as previously
reported.’®2% A signal s(t) is fitted to a linear curve such that:
s(t) = A x t + B, where the slope (A) is the rate of wash-in or wash-
out of the contrast agent from the brain parenchyma.

A BBB permeability map was generated for the entire brain and
represented the slope values of each voxel (Figure 2A).

In the SEA, the intensity difference between the precontrast and

the postcontrast scan was calculated and presented as a percentage

of the precontrast signal intensity. This value was termed the percent-
age of intensity difference (PID). The temporal muscle of each dog
was used as a reference value, because it represents a tissue with no
blood tissue barrier and is subjected to the unique physiological vari-
ables of each dog.?®> The mean reference PID value of 2 cm? of the
temporal muscle was calculated in each dog. Distribution of PID
values of brain voxels of all MUO and control dogs and those of the
temporal muscles was aligned (Figure 2B). The PID value distribution
curves mostly overlapped and were separated toward the left slope of
each curve, representing high PID values. Maximal differences among
the 3 curves were detected for PID values above the mean PID of the
temporal muscles (Figure 2C). Several thresholds for the determina-
tion of permeable voxels were evaluated and the 1 that associated
best with seizures was set as the mean PID of the temporal muscle
plus 1 SD (Figure 2B; HT).

The BBB score was determined for both DCE and SEA in
3 steps. First, all positive brain voxels were detected as described
above. Second, a region growing procedure was applied to each
positive voxel involving repeatedly connecting neighboring voxels.
Small noisy clusters (ie, <4 neighboring voxels) were removed using
a morphological filtering procedure. Lastly, a BBB score was
assigned to each dog by calculating the percentage of positive
voxels in their brain images.

The BBB score similarly was calculated for all control dogs. The
upper value for normal BBB score (NBBB) was set at the mean BBB
score of control dogs plus 2 SD (mean of 0.33%). All values exceeding

this threshold were considered as representing BBBD.

2.3 | Serum and CSF albumin measurements

Albumin and total protein concentrations were measured in the CSF
and serum of all dogs included in the prospective DCE-MRI study.
Quantification was performed using a wet chemistry auto-analyzer
Cobas-6000 (Roche, Rottkreutz, Switzerland) at 37°C.
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FIGURE 2 Overview of blood-brain barrier (BBB) analysis.

A, Dynamic contrast enhanced (DCE) analysis. Graph shows
concentration of contrast agent as a function of time (slope) in

3 areas: affected region with BBBD (red), unaffected contralateral
area with an intact BBB (Contra., black), and blood vessel (blue).

B, Subtraction enhancement analysis (SEA). Top: Region of interest in
the temporal muscle and representation of the brain mask. Bottom:
Graph of distribution of brain voxel percentage of intensity difference
(PID) shows the proportion of positive voxels in each of the
calculation methods. Positive enhanced voxels were defined as either
above the mean PID of the temporal muscle plus 1 standard deviation
(HT, red arrows) or between the mean PID of the temporal muscle
and the mean plus 1 standard deviation (LT, black arrows)

24 | Immunofluorescence studies

Brains of dogs that were euthanized because of the disease (n = 3)

within the first week from diagnosis were removed and immediately

American College of
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immersed in 4% paraformaldehyde for a week before they were sec-
tioned and embedded in paraffin. Sections of brain regions where
BBB dysfunction was detected by either DCE or SEA methods were
cut at a thickness of 5 pm, stretched in water at 35°C and mounted
on positively charged microscope slides (Denville Scientific, M1021).
Slides were subsequently air-dried in an incubator at 37°C overnight
and deparaffinized in graded ethanol. One slide from each region
underwent hematoxylin and eosin staining for pathology and classifi-
cation of MUO type. Additional slides were incubated in Tris-EDTA
buffer (pH 9.0) at 80°C for 20 minutes for antigen retrieval, and then
incubated in 5% donkey serum and 0.1% Triton X-TBS for 1 hour at
room temperature and overnight at 4°C with the following antibodies:
antiphospho-Smad2 (rabbit, Millipore AB3849-1, 1:200), antidog albu-
min (Goat, Abcam ab194215, 1:500), anti-ionized calcium binding
adaptor molecule (ibal) (rabbit, Abcam ab178847, 1:500), and antiglial
fibrillary acidic protein (GFAP) (mouse, sigma C9205 cy3 conjugated,
1:500). After washing, slides were incubated for 1 hour at room tem-
perature with the following secondary antibodies: rabbit Alexa Fluor
568, mouse Alexa Fluor 488, and chicken Alexa Fluor 647 (Jackson
ImmunoResearch Labs, diluted 1:500). Slide-mounted brain sections
were treated with TrueBlack Lipofuscin Autofluorescence Quencher
(Biotium #23007) and incubated with 4’,6-diamidino-2-phenylindole
(900 nM; Sigma-Aldrich). Regions of interest, where BBB permeability
maps had a positive slope value, were imaged using an Axio Imager
M1 microscope equipped with AxioCam MRm camera (Zeiss,
Germany).

2.5 | Data analysis

The MRI analyses were done by an investigator who was blinded to
the diagnosis and clinical details. The Shapiro-Wilk test was used to
assess distribution of continuous variables. Two-sample F tests for
equal variances were used for quantitative comparison of variables.
To compare quantitative variables between 2 independent groups,
the 2-sample t test or the nonparametric Mann-Whitney test were
used according to the Shapiro-Wilk test results. Receiver operating
characteristic (ROC) analysis®* was performed to assess the predic-
tive value of the BBBD score for seizures. All tests were 2-tailed,
and P < .05 was considered significant. All statistical tests were per-
formed using Matlab scripts (MATLAB 2018b, The MathWorks,
Inc., Natick, Massachusetts). Data are presented as median and

range.
3 | RESULTS
3.1 | Demographic data

Overall, 52 dog were included in this study. In the prospective DCE
arm of the study (n = 14), there were 8 dogs with MUO and 6 healthy
control dogs. Among the 8 dogs in the MUO group, 6 were females,
median age was 5.5 (range, 5.0-12.0) years, and median body weight
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FIGURE 3 Detection of blood-brain
barrier dysfunction (BBBD) in dogs with
meningoencephalitis of unknown origin
(MUOQ) using subtraction enhancement
analysis (SEA). A-C, Representation of
MUO in a dog. A, T1-weighted
precontrast images; B, T1-weighted
postcontrast images; C, positive voxels as
detected by SEA using the high threshold
(HT, red) were superimposed on
postcontrast T1-weighted images.

D, Receiver operating characteristic curve
(ROC) analysis of BBBD scores was
performed to determine the optimal
cutoff point between MUO dogs with
and without seizures. E, Box plot
comparing BBB scores of MUO dogs with
or without epileptic seizures. Center lines
show the medians; box limits indicate the
25th and 75th percentiles as determined;
whiskers extend to 1.5 times the
interquartile range from the 25th and
75th percentiles (seizure+; n = 11,
seizure—; n = 21)
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was 3.9 (range, 1.7-40.0) kg. Seizures were reported in 6/8
MUO dogs.

Among the 6 healthy control dogs, 2 were females, median age
was 4.5 (range, 4.5-5.0) years, and median body weight was 20.7
(range, 5.0-30) kg. Cerebrospinal fluid was obtained from all dogs and
found to be normal.

In the SEA retrospective arm of the study, there were 32 dogs
with MUO, of which 22 were females (68.75%). Median age was
6 (range, 0.7-14.0) years and median body weight was 5.7 (range,
1.8-34.1) kg. Seizures in 34.4% of the
dogs (11/32).

The 6 dogs of the control group underwent MRI and were diag-

were recorded

nosed with extracranial diseases, including acute blindness (n = 2), idi-
opathic vestibular syndrome (n = 2), medial ear infection (n = 1), and

general weakness (n = 1). In this group, 1 dog was female, median age

was 7 years (range, 5-10 years), and median body weight was 35.5 kg
(range, 2.0-42.0 kg). Cerebrospinal fluid was obtained in 3/6 dogs and
found to be normal.

3.2 | BBBD quantification using DCE-MRI
Evaluation of BBB using the DCE-MRI-based method identified a
median BBB score of 15.8% (range, 5.0%-69.0%) in the MUO group
vs 13.9% (range, 3.1%-25.2%) in the control group.

Based on the threshold, BBBD was detected in 3 of the 8 dogs
with MUO.

Dogs with MUO had significantly higher albumin quota (AQ) than
dogs in the control group (1.21 [range, 0.50-4.42] vs 0.54 [range,
0.24-0.57]; P = .02, Mann-Whitney test).
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FIGURE 4 Distinct areas of blood- (A)
brain barrier dysfunction (BBBD) in
necrotizing leukocephalomyelitis.

A, Image of brain slice acquired by linear
dynamic contrast-enhanced magnetic
resonance imaging (DCE-MRI) and
visualized by color-coded permeability
maps, from negative slope values in blue
to positive in red. B, Section showing
normal white matter contralateral to the
BBBD-affected region. B, Hematoxylin (D)
and eosin-stained section shows edema
and necrosis, with gemistocytic
astrogliosis and perivascular lymphocytic
cuffing. Original magnification x40. D-G,
Microscope images of coronal sections
through the normal contralateral region
(D, F) and the ipsilateral BBBD-affected
region (F, G) stained for albumin (white),

microglia marker ibal (green) or ﬂ
astrocytic marker glial fibrillary acidic <
protein (GFAP; red) and DAPI nuclear ‘(."5
staining (blue). Increased albumin uptake pel
in the ipsilateral side with BBBD is =
colocalized with astrocytes and microglia. <L
Scale bars = 20 pm o
(F)
[aa]
-
<
o
=
O
o
<
()]

Dogs with BBBD had higher AQ than dogs with normal BBB
(2.07 [range, 1.83-4.42] vs 0.92 [range, 0.50-1.30]; P = .03, Mann-
Whitney test).

3.3 | BBBD quantification using SEA

Evaluation of routine MRI sequences (T2, FLAIR, T1 * contrast) by
radiologists identified no brain abnormalities in 50% (16/32) of dogs
with MUO. Among the dogs with detected brain abnormalities, T2
and FLAIR hyperintensities were identified in all of them (16/16), T1
hypointensities were identified in 2 and T1 enhancement was identi-
fied in 10. In addition, ventricular enlargement was identified in 56.2%
(18/32) of all cases (for details, see Supplementary Table S1). Using
advanced image analysis, BBBD was identified in 17 of the 32 dogs
(53%) when applying the SEA method. In 7 of these 17 dogs, no

ylnt

American College of
Veterinar: ernal Medicine

abnormalities were identified by routine MRI evaluation. The addition

of SEA to routine MRI evaluation increased the identification rate of
brain abnormalities from 50% to 72% (23/32) of dogs with MUO
(Figure 3A-C). Five dogs that were classified as NBBB had brain
abnormalities detected by the radiologists. All 5 dogs had areas of
T2 and FLAIR hyperintensities at different locations. In 1 dog, mild
postcontrast enhancement was identified in the periventricular
and gray and white matter zones (Table 1; Supplementary

Information).

3.4 | Immunofluorescence findings in brain regions
where BBBD was detected

Brain areas with BBBD as detected using either DCE-MRI (n = 2) or
SEA (n = 1) included the left temporal lobe gray matter and left
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hippocampus (case 1), the right hemisphere white matter of the fron-
tal lobe, dorsal to an enlarged lateral ventricle (case 2) and white mat-
ter of the left internal capsule (case 3). These were compared using
immunofluorescent assays to brain regions with intact BBB, which
included the histologically intact cortex of the temporal lobe adjacent
to the lesion (case 1), the contralateral white matter of the frontal lobe
(case 2) and the contralateral white matter of the internal capsule
(case 3). All BBBD regions had extravasation of albumin colocalized
with reactive astrocytes and microglia (Figures 4-6). Similarly, we iden-
tified higher albumin in reactive astrocytes colocalized with higher
levels of phosphorylated mothers against decapentaplegic homolog
2 (pSMAD2) expression within the cytoplasm. These findings suggest
activation of TGF-p signaling in these astrocytes by albumin, which
was not detected in the contralateral intact BBB brain regions
(Figure 7).

FIGURE 5 Distinct areas of glial
fibrillary acidic protein (BBBD) in
granulomatous meningoencephalitis.

A, Image of a brain slice acquired by linear
dynamic contrast-enhanced magnetic
resonance imaging (DCE-MRI) and
visualized by color-coded permeability
maps. B, C, Hematoxylin and eosin-
stained sections from regions where
BBBD was detected: a characteristic
lesion in midbrain parenchyma (B) and a
perivascular cuff around a blood vessel
comprising a predominantly mononuclear
inflammatory cell infiltrate (C). Original
magnification x40. D, E, Microscope
images of coronal sections through the
midbrain with no lesions. Normal blood
vessel from contralateral side (D) and
blood vessel with perivascular cuff around
it (E) were stained for albumin (white),
astrocytic marker glial fibrillary acidic
protein (GFAP; red) and DAPI nuclear
staining (blue). Albumin uptake is
colocalized with astrocyte end feet
around the blood vessels. F, G,
Microscope images of a lesion in a
midbrain region with BBBD stained for
albumin (white), astrocytic marker GFAP
(red) and DAPI nuclear staining (blue)

(F) or for albumin, microglia marker ibal
(green) and DAPI (G). Severe albumin
uptake in the lesion with active astrocytes
is colocalized with ibal-positive cells.
Scale bars = 20 pm

DAPI ibal ALB

35 |
variables

Association between BBBD and clinical

In both the SEA and DCE groups, 50% of the dogs with MUO were
identified with BBBD (n = 20; 3 and 17 dogs, respectively). No differ-
ences were found in age, sex, or weight between dogs with and with-
out BBBD. When BBBD score was calculated using SEA, significantly
higher scores were found in MUO dogs presented with seizures than
in dogs with no seizures (median of 1.4 [range, 0.02-6.82] vs 0.25
[range, 0.01-4.94]; P = .03, Mann-Whitney test). We then performed
ROC analysis to define the optimal cutoff of the BBBD score that dis-
tinguishes between MUO dogs with and without seizures. The AUC
of the BBB score was 0.73 (confidence interval, 0.53-0.94) for the
development of seizures. A cutoff of 0.64 showed a sensitivity of 72%
and specificity of 85% (Figure 3D).
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FIGURE 6 Distinct areas of glial
fibrillary acidic protein (BBBD) in
necrotizing meningoencephalomyelitis.

A, Image of a brain slice acquired by linear
subtraction enhancement analysis (SEA)
and visualized by color-coded permeability
maps, where red signifies positive values
above HT. B, C, Hematoxylin and eosin-
stained section showing BBBD-effected
region with edema, necrosis and intense
inflammation with parenchymal
histiocytic, microglial infiltrates and
perivascular lymphocytic cuffing. Original
magnification x40. D, E, Microscope
images of coronal sections through a
normal temporal cortex adjacent to the
disrupted region. F, G, Microscope images
of coronal sections through the region
identified with BBBD. Sections were
stained for albumin (white), microglia/
macrophages marker ibal (green) or
astrocytic marker glial fibrillary acidic
protein (GFAP; red) and DAPI nuclear
staining (blue). Increased albumin uptake
in the ipsilateral side with BBBD is
colocalized with astrocytes and microglia. (F) G)
Scale bars = 20 pm

DAPI ibal ALB

DAPI GFAP ALB

FIGURE 7 Increased expression of
transforming growth factor beta (TGF-f)
pathway components and inflammation in
necrotizing leukoencephalitis. Microscope
images of coronal sections of normal
contralateral and glial fibrillary acidic
protein (BBBD)-affected ipsilateral
regions stained for albumin (red),
astrocytic marker glial fibrillary acidic
protein (GFAP; green), pSmad2 (gray), and
DAPI nuclear staining (blue). Increased
albumin uptake and pSmad2 expression
are colocalized with astrocytes is the
brain region where BBBD was detected
using dynamic contrast enhancement
(DCE) protocol and analysis. Scale

bars = 20 pm

contralateral

DAPI GFAP pSMAD2 ALB
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The BBB score cutoff of 0.02% yielded a sensitivity of 100%,
whereas a cutoff of 6.26% vyielded a specificity of 100%. Using this
cutoff, seizures were more prevalent in dogs with BBBD compared to
dogs with NBBB (72% and 19% for BBBD and NBBB, respectively;
P = .01, Fisher's exact test).

Total protein concentration in the CSF was available in 29 of the
dogs in our study and was not higher in BBBD dogs when compared
to dogs with normal BBB (median of 41.4, [range, 9.80-802.73] vs
46.99 [range, 18.50-241.86]; P > .1, Mann-Whitney test). Similarly,
total nucleated cell count was not significantly higher in BBBD dogs
(median of 100 [range, 0-1280] vs 53 [range, 0-300]; P > .1, Mann-
Whitney test).

4 | DISCUSSION

We present 2 advanced imaging analysis methods for semiquanti-
fication of BBB dysfunction in dogs with MUO. We further show that
brain regions where BBB leakage was identified by either of these
imaging methods indicated higher albumin signal around blood ves-
sels, reactive astrocytes, abundance of microglia, and TGF-3 signaling.
These cellular and molecular changes were identified using immuno-
fluorescent staining of brain specimens from dogs that were diag-
nosed with MUO and died from the disease. Only 50% of the MUO
dogs in our study were identified with a BBB score above that of the
control dogs and hence were defined as BBBD dogs. This proportion
is less than could be expected given the inflammatory nature of the
disease. The threshold set to determine BBBD could have been high
and, therefore, some dogs with BBBD were not detected as such.
Using these thresholds, both image analysis methods were sensitive
enough to identify brain areas with positive voxels in which contrast
agent accumulated. The same brain areas later were identified with
BBB leakage using immunofluorescence staining by evidence of albu-
min extravasation and high signal of the TGF-B downstream protein,
pSMAD2. Furthermore, albumin was colocalized with reactive astro-
cytes and microglia.

The DCE-MRI modality for BBB quantification has been used for
more than a decade in humans, experimental animals, and, more
recently, in dogs.'®2® Moreover, methods using quantitative BBBD
imaging were shown to be valid in the identification of disease pro-
gression in humans.?> However, although repeating the MRI study
throughout the course of the disease is possible in dogs, it is the prac-
tical aspects that make it uncommonly or rarely performed.

Furthermore, a major limitation of DCE-MRI is the complex imag-
ing requirements, which include initiation of the dynamic sequence
before IV contrast injection, followed by repeated scanning. These
requirements result in lower spatial resolution and prolongation of
anesthesia time, especially in dogs. The DCE-MRI analysis detects the
accumulation of contrast material in the tissue over time, indicating
BBBD.?®2° Applying our algorithm to this MRI modality, we and
others were able to detect areas of BBBD in a subgroup of patients
presented with a variety of neurodegenerative and neuropathological

disorders, including MUO.8-2°

By comparison, the pre-post SEA is a less demanding semiquanti-
tative method in which the mean percentage of contrast-enhanced
voxels is used to calculate the BBBD score.'??° In this method, the
postcontrast images are taken within minutes after the IV injection of
contrast medium. Thus, the rapid passage of tracer in the arterial
phase, which occurs within seconds of the injection, is overlooked.
This first bolus pass of contrast agent is important mainly for assess-
ment of cerebral blood flow. However, the fraction of contrast mate-
rial that lingers in the tissue may provide better evaluation of BBB
integrity.?®

In our study, the SEA threshold for the determination of per-
meable voxels was set as the mean PID of the temporal muscle plus
1 SD. Using the same threshold in control dogs, we identified a
mean of 0.33% permeable voxels in normal brain. Therefore, MUO
dogs were considered with pathological BBBD only if the percent-
age of positive voxels exceeded 0.33% of total brain parenchyma
voxels. This threshold enabled the distinction between MUO dogs
with and without seizures. Choosing a lower PID threshold for the
determination of permeable voxels potentially would increase sen-
sitivity but decrease specificity of the method in identifying MUO
dogs with seizures. Using a threshold that is much higher than the
mean PID plus 1 SD of the temporal muscle may miss these subtle
changes and identify only brain regions with hypervascularization
or severe vascular damage.

All dogs in our study underwent general anesthesia, which was
maintained with 1% to 2% isoflurane. A similar anesthesia protocol
previously was reported to possibly affect BBB integrity in a cohort of
cats in experimental settings.2® In our study, both MUO and control
dogs were anesthetized using the same protocol, hence the possible
effect of isoflurane on BBB permeability would be redundant in the
quantification step.

Meningoencephalitis of unknown origin is a group of inflamma-
tory brain disorders in which the cause of the inflammation is not
identified.>”?” Some patients may display severe, fulminating inflam-
mation with high CSF cellularity and total protein concentration,
whereas others exhibit mild clinical signs and clinicopathological find-
ings.>”?” The identification of intraparenchymal lesions on MRI helps
in establishing the diagnosis of MUO in many cases. We showed that
using SEA in addition to routine MRI sequences increased the portion
of dogs with identified lesions from 50% to 70%. This promising result
supports adding pre-post SEA to the routine MRI sequences to
increase the sensitivity of MRI in the detection of brain abnormalities
in dogs with MUO. Our findings are in agreement with a previous
study, which reported higher sensitivity of SEA, as compared to visual
evaluation of pre- and postgadolinium images, for the detection of
neuroinflammatory conditions.” The increased sensitivity of the SEA
method was attributed to the leaky BBB. This notion is supported by
our findings of significantly higher AQ in the CSF of MUO dogs with
BBBD when compared to MUO dogs with NBBB. Five dogs in our
study had lesions that were identified by routine T2 and FLAIR but
were not detected by our algorithms. Both described MRI analysis
methods are based on the enhancement of contrast agent in the tis-

sue. Therefore, regions with only edema may be missed. One dog with
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mild T1 post-contrast enhancement was not identified by SEA
because of the high threshold used to increase specificity.

In our study, immunofluorescent staining of brain regions of
dogs with MUO where dysfunctional BBB was identified using
DCE-MRI or SEA had higher expression of microglia and astrocyte
markers, extravasation of albumin, and increased pSMAD expres-
sion, supporting the coexistence of BBBD and neuroinflammation
in these regions. These findings further support the involvement of
TGF-p signaling in the neuroinflammatory cascade in regions where
the BBB is disrupted.

Little is known about epileptogenesis in MUO dogs. Activation of
TGF-B, followed by increased intracellular pPSMAD2, was described in
experimental animals as part of a critical modulatory pathway in the
astrocytic response to serum albumin, which facilitates the develop-
ment of epilepsy.26282 Furthermore, this pathway was used as a tar-
get for epilepsy prevention in animal models.*®2%2? Qur results
support the possibility that this pathway may be associated with epi-
leptogenesis in dogs with MUO as well. Because of the small number
of cases available for immunofluorescent evaluation in our study and
the lack of fresh brain specimens for biochemical investigation of the
described cascade, definitive conclusions could not be drawn. Further
investigation of the cellular and molecular mechanisms responsible for
seizure development in approximately 20% of dogs with MUO is
needed.

In conclusion, the advanced image analysis methods used in our
study can serve both clinicians and researchers for the characteriza-
tion and quantification of BBBD in naturally occurring neurological
diseases. Each method has its advantages and limitations, but both
were shown to add essential information that enabled the identifica-
tion of MUO patients with seizures and improved the identification of
brain pathology on MRI. When the role of BBBD in the pathogenesis
of CNS diseases in dogs is better established, this additional tool will
help identify the BBBD as a future target for treatment.
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